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CHAPTER    I 
INTRODUCTION 

1.   Purpose 

The  need  for  a  means  of  making  ocean  current  obser- 
vations that  will  be  both  rapid  and  economical  is  becoming 
critical.   Contrary  to  what  one  might  assume,  there  are 
many  areas  of  the  ocean  today  that  have  been  inadequately 
surveyed  with  respect  to  currents.   Of  the  approximately 
550  Marsden  Squares  which  comprise  the  world  ocean  one 
finds  that  the  mean  monthly  distribution  of  current  obser- 
vations amounts  to  only  3.8  observations  per  Marsden 
Square  (Engler  1963) .   When  one  considers  the  size  of  a 
Marsden  Square  it  is  not  difficult  to  visualize  how  un- 
satisfactory the  state  of  knowledge  of  current  systems  is. 
To  claim  a  complete  understanding  based  on  a  mean  monthly 
distribution  of  only  3.8  observations  for  every  360,000 
square  nautical  miles  is  almost  shear  folly.   It  would 
seem  that  there  is  hardly  sufficient  data  to  locate  cur- 
rents let  alone  to  gain  an  understanding  of  any  degree  of 
variability  of  meandering. 

The  demand  for  environmental  information,  especially 
information  on  ocean  currents,  is  rapidly  increasing.  Not 
only  is  this  information  desirable  to  advance  the  state  of 


man's  knowledge  about  the  sea,  but  also  it  is  desirable 
and  necessary  for  the  defense  of  this  country.   As  weapons 
systems  and  sensors  used  in  the  conduct  of  Ant i- Submarine 
Warfare  (ASW)  achieve  higher  and  higher  degrees  of  sophis- 
tication, environmental  information  is  more  and  more  in 
demand.   Man's  knowledge  is  inadequate  to  take  care  of 
present  needs  let  alone  those  of  the  future. 

The  purpose  then  of  this  study  is  to  investigate  a 
means  or  method  for  the  detection  and  tracking  of  current 
patterns.   This  method  is  one  which  is  capable  of  being 
used  to  conduct  a  survey  over  a  large  area  with  minimum 
expenditure  of  funds.   It  will  be  explored  in  the  eastern 
Gulf  of  Mexico. 

2.   Formulation  of  the  Problem 

A  comparison  of  climatic  charts  showing  the  distri- 
bution of  sea  surface  temperatures  and  charts  showing  sur- 
face ocean  currents  (for  example  Sverdrup  et  al .  1942; 
charts  III  and  VII)  shows  close  correlation  between  the 
two.   This  climatic  relationship  leads  one  to  believe  that 
there  might  also  exist  a  similar  relationship  between 
synoptic  sea  surface  temperature  patterns  and  the  patterns 
of  surface  currents  existing  simultaneously.   Geostrophic 
currents,  which  have  been  found  to  closely  approximate 
most  observed  ocean  flows,  require  a  gradient  of  mean 


density  (averaged  over  a  given  depth)  across  the  current. 
This  density  gradient  implies  that  there  would  also  be  a 
mean  temperature  gradient  across  the  current  which  may,  or 
may  not,  be  reflected  in  a  gradient  of  the  sea  surface 
temperature . 

If  there  is  some  relationship  between  surface  cur- 
rents and  a  gradient  of  the  sea  surface  temperature,  the 
question  that  must  be  answered  is,  what  is  the  nature  of 
this  relationship?   This  study  will  thus  consist  of  ana- 
lyzing sea  surface  temperatures  taken  while  making  perpen- 
dicular crossings  of  currents  shown  to  exist  by  subsurface 
data.   From  these  observations  then,  it  is  hoped  to  deter- 
mine something  of  the  nature  of  the  relationship  existing 
between  sea  surface  temperature  patterns  and  currents.   In 
addition,  for  specific  areas  and  under  specific  condi- 
tions, the  criteria  necessary  for  the  detection  and  trac- 
ing of  ocean  currents  using  only  synoptic  sea  surface 
temperature  observations  will  be  investigated. 

Logically,  in  order  to  provide  a  method  for  rapid 
and  economical  current  observations  over  a  wide  area,  the 
prime  objective  of  this  study  will  be  an  attempt  to  deter- 
mine the  feasibility  of  using  aircraft  as  data  collection 
vehicles.   If  it  can  be  assumed  that  airborne  radiation 
thermometer  (ART)  data  can  be  correlated  with  sea  surface 
temperatures  taken  by  conventional  means,  and  also  if 


criteria  for  current  detection  can  be  determined,  then  the 
aircraft  would  provide  the  means  by  which  large  areas  of 
the  ocean  could  be  rapidly  and  economically  surveyed  with 
respect  to  currents. 


CHAPTER    II 
STATUS  OF  THE  QUESTION 

Mariners  have  known  for  some  time  that  the  tempera- 
ture of  the  water  in  which  they  sail  can  be  related  to 
their  speed  of  advance.   During  colonial  days,  packet  ship 
Masters  discovered  that  by  sailing  in  warm  water,  the  time 
necessary  to  make  an  eastbound  crossing  of  the  North  At- 
lantic could  be  shortened.   They  also  learned  that  a  con- 
siderable time  savings  could  be  made  on  the  return  trip 
if  they  avoided  the  route  over  which  they  had  come. 

Participants  in  the  bi-annual  Newport  to  Bermuda 
Race  have  also  utilized  a  knowledge  of  temperatures  of 
the  sea  surface  in  order  to  cross  the  Gulf  Stream  during 
the  course  of  their  race.   The  rule  of  thumb  which  is  ob- 
served by  most  of  the  Bermuda  Race  sailors  is  that  is  the 
water  temperature  increases  from  one  observation  to  the 
next,  their  boat  is  being  set  to  the  left.   Conversely,  a 
temperature  decrease  indicates  that  their  boat  is  being 
set  to  the  right  in  the  Gulf  Stream  Counter  Current. 

One  of  the  first  attempts  at  a  detailed  current 
study  of  a  major  current  was  performed  by  Spilhaus  (1940). 
He  made  the  first  investigation  of  the  Gulf  Stream  with 
the  bathythermograph  (BT)  and  sea  sampler.   He  also  de- 
scribed the  thermal  structure  of  the  Gulf  Stream  in  its 


upper  layers.   This  was  perhaps  the  first  interest  shown 
in  the  study  of  the  Gulf  Stream  through  the  means  of 
thermal  structure. 

Lee  (1959;  as  cited  in  NAVOCEANO  1963)  made  a  study 
of  the  variations  in  thermal  structure  of  the  Norwegian 
Sea.   Lee  noted  that  changed  of  temperature  were  observ- 
able on  the  thermograph  record  and  that  these  changes 
apparently  had  some  relation  to  the  currents  in  the  sea 
he  was  investigating.   Fuglister  and  Worthington  (1951) 
have  pointed  to  the  fact  that  there  is  a  direct  relation- 
ship between  the  direction  of  a  current  vector  and  the 
direction  of  the  isotherms  present  on  a  surface  map.   In 
957o  of  their  observations  they  found  that  the  current 
vector  was  parallel,  or  nearly  so,  to  the  isotherms. 
Their  work  was  limited  to  the  upper  200  meters  of  the 
ocean,  however,  and  they  apparently  made  no  attempt  to 
directly  associate  surface  temperatures  to  current  pat- 
terns . 

The  Gulf  Stream  system  of  unique,  strong,  well  de- 
fined currents  is  an  established  focus  for  intensive 
study.   This  is  a  natural  result  of  the  Stream's  charac- 
teristics and  its  ready  accessibility  for  study  by  a  num- 
ber of  research  organizations.   Attempts  to  survey  the 
Gulf  Stream  have  been  made  by  a  great  number  of  investi- 
gators continuously  crisscrossing  the  current  in  a  single 


ship  and  determining  the  thermal  structure  with  a  bathy- 
thermograph.  Iselin  and  Fuglister  (1948)  and  Ford  and 
Miller  (1952)  are  two  such  sets  of  investigators  who  have 
attempted  this  process.   Although  of  great  value,  their 
results  are  incomplete  because  of  the  large  amount  of  time 
required  for  them  to  make  their  observations.   During  this 
time  the  position  of  the  Stream  probably  shifted,  as  it 
is  known  to  do.   They  admit  that  because  of  this  shifting 
some  of  the  desired  details  were  missed.   In  an  effort  to 
eliminate  some  of  the  shortcomings  of  the  above  approach, 
Fuglister  and  Voorhis  (1966)  suggested  another  approach 
to  the  problem  of  plotting  the  Gulf  Stream.   Their  method 
was  to  employ  a  continuous  recording  device  called  a  "V 
FIN"  which  is  quite  similar  to  the  "NAVITHERM  SYSTEM," 
both  of  which  are  manufactured  by  the  Braincon  Corp.  of 
Marion,  Mass.   Again,  however,  all  temperatures  and  tem- 
perature gradients  were  obtained  from  the  200  meter  level 
instead  of  the  surface. 

The  U.S.  Naval  Oceanographic  Office  (NAVOCEANO)  with 
its  Anti-Submarine  Warfare  Environmental  Prediction  System 
(ASWEPS)  program  is  producing  composite  sea  surface  tem- 
perature charts  for  a  given  area  in  the  North  Atlantic. 
They  are  continually  improving  their  analysis  technique 
in  order  to  provide  the  most  accurate  synoptic  picture  of 
sea  surface  temperature  which  is  possible.   (James  1965; 
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1966a;  1966b;  NAVOCEANO  1963).   The  ASWEPS  program  need 
for  large  quantities  of  synoptic  data  has  brought  about 
the  greater  use  of  the  aircraft  and  the  airborne  radiation 
thermometer  to  provide  large  area  coverage  in  a  relatively 
short  time  (Peloquin  1963).   Gibson  (1952),  working  through 
NAVOCEANO,  has  stated  that  the  temperature  patterns  on 
composite  charts  represent  the  envelopes  of  the  major  cur- 
rents which  are  responsible  for  the  observed  distribution 
of  sea  surface  temperature.   This  is  perhaps  the  first  in- 
dication of  an  attempt  to  tie  together  observations  of  sea 
surface  temperature  and  currents.   Of  the  many  tests  and 
surveys  conducted  by  NAVOCEANO,  one  can  perhaps  best  sum 
up  the  results  by  saying  that  they  have  shown  the  ART  to 
be  a  useful  device  capable  of  delineating  cold  and  warm 
water  masses  and  capable  of  detecting  small  horizontal 
temperature  gradients  (Wilkerson,  Peloquin,  and  Perlroth 
1963).   However,  it  should  be  noted  that  NAVOCEANO  appar- 
ently still  has  not  reported  any  attempt  to  determine  the 
exact  nature  of  the  relationship  between  sea  surface  tem- 
peratures and  currents. 

Even  though  von  Arx  and  Richardson  (1953)  believe 
that  the  'validity  of  using  radiant  signals  from  the  sea 
surface  for  tracing  frontal  outcrops  such  as  the  Gulf 
Stream  front,  is  open  to  question,  they  state  that  a  trust- 
worthy investigation  should  be  made  of  the  relationship 


existing  between  frontal  outcrops  detected  from  the  air 
with  those  established  from  shipboard  observations.   With 
this  in  mind,  Strack  (1953)  has  made  what  this  writer 
considers  to  be  the  first  attempt  to  bridge  the  gap  be- 
tween previous  work  and  what  needs  to  be  done  in  order  to 
rapidly  survey  an  oceanic  area  with  the  idea  of  detecting 
and  tracing  currents.   The  work  started  by  Strack  should 
provide  a  foundation  for  decision  making  upon  which  the 
question  of  how  and  where  the  more  expensive  and  time  con- 
suming process  of  classical  and  detailed  current  studies 
should  be  undertaken. 

Strack  has  investigated  the  Gulf  Stream  to  see  if 
sea  surface  temperature  gradients  can  be  used  as  a  reliable 
indicator  for  tracking  the  current.   It  is  on  this  point 
that  the  present  study  will  also  be  conducted.   If  the 
process  of  detecting  currents  by  means  of  sea  surface 
temperature  alone  is  adequate  for  the  Gulf  Stream,  how 
well  will  the  same  method  work  on  currents  of  a  lesser 
magnitude?   The  area  of  investigation  chosen  for  this 
study  will  be  the  Gulf  of  Mexico  where  permanent  currents 
of  nearly  geostrophic  characteristics  are  known  to  exist 
but  where  the  current  is  of  a  lesser  size  and  magnitude 
than  is  the  Gulf  Stream. 


CHAPTER        III 
PROCEDURE 

1.      Data 

The  data  that  were  analyzed  in  the  conduct  of  this 
investigation  were  obtained  from  the  Department  of  Oceanog- 
raphy data  files  of  the  Texas  A&M  University.   All  data 
were  taken  under  the  supervision  of  Dr.  D.  F.  Leipper  and 
Professor  J.  D.  Cochrane  in  conjunction  with  research 
projects  while  aboard  the  research  vessel  the  R/V  ALAMINOS, 

The  type  of  data  which  was  sought  for  this  investi- 
gation were  bathythermograms  and  their  associated  bucket 
temperature  observations.   In  addition  to  the  above  men- 
tioned types  of  data,  auxiliary  meteorological  and  thermo- 
graph data  were  used  for  reference  purposes. 

2.   Selection  of  Areas  and  Times 
of  Investigation 

For  the  purpose  of  this  investigation  it  was  decided 
that  a  minimum  of  three  current  crossings  should  be  inves- 
tigated in  each  of  the  four  seasons.   It  was  considered 
desirable  to  select  three  primary  areas  in  which  it  would 
be  possible  to  find  data  for  current  crossings  in  each  of 
the  four  seasons .   Thus  the  three  areas  chosen  on  this 
basis  were  as  shown  in  figure  1.   The  first  of  these  three 
areas,  designated  by  the  letter  A,   is  considered  to  be 
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an  area  that  would  include  a  crossing  of  the  Yucatan  Cur- 
rent.  Area  B  was  selected  to  study  the  crossings  of  the 
northern  end  of  what  will  be  hereinafter  referred  to  as 
the  Gulf  Loop  Current,  and  the  area  including  the  Florida 
Current  was  designated  as  area  C.   With  these  designations 
on  the  three  areas  to  be  studied,  each  crossing  was  num- 
bered by  adding  a  numerical  suffix  representing  the  season 
of  the  year.   The  number  designators  are:   1-  summer,  2- 
fall,  3-  winter,  4-  spring.   As  an  example  of  the  number- 
ing system,  current  crossing  A-3  would  be  a  crossing  of 
the  Yucatan  Current  during  the  winter  and  crossing  C-l 
would  be  the  crossing  of  the  Florida  Current  taken  from 
summer  data. 

3.   Bathythermograph  Cross  Sections 

Having  chosen  which  current  crossings  to  investi- 
gate, the  next  step  was  to  isolate  the  exact  position  of 
crossing  of  each  of  the  currents.   To  do  this,  all  bathy- 
thermograms  collected  along  each  of  the  legs  being  inves- 
tigated were  arranged  in  sequential  order  and  read.   The 
information  determined  from  each  BT  was  the  depth,  in 
meters,  of  each  of  the  whole  degree  Centigrade  isotherms. 
Following  this,  a  BT  cross  section  was  plotted  for  each 
of  the  current  crossings  showing  the  depth  of  the  iso- 
therms as  plotted  against  distance  in  nautical  miles, 
along  the  ships  track. 
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The  ship  did  not  always  remain  on  a  straight  line 
course  across  the  currents  being  investigated.   In  order 
to  show  a  straight  line  crossing  on  the  BT  cross  section, 
it  was  necessary  to  plot  the  positions  of  all  of  the 
ba thy thermograms  on  a  navigational  chart,  to  choose  the 
desired  rhumb  line,  and  then  to  project  the  positions  of 
the  BTs  onto  this  track.   It  is  felt  that  this  is  a  valid 
procedure  since  the  amount  of  error  introduced  in  the 
representation  of  the  depth  of  the  isotherms  from  upstream 
or  downstream  should  amount  to  no  more  than  a  few  meters. 

Having  plotted  the  depths  of  all  of  the  isotherms 
at  the  correct  distance  along  the  ships  track,  straight 
line  segments  were  used  to  connect  the  data  points  rather 
than  a  smooth  curve.   This  was  done  since  there  was  no 
apparent  reason  to  assume  that  the  faired  curve  would  be 
any  better  representation  of  the  actual  thermal  structure 
than  that  represented  by  the  straight  line  segments. 
Bathythermograph  cross  sections  of  this  type  were  prepared 
for  each  of  the  crossings  with  the  exception  of  crossings 
number  A-2,  B-2,  and  C-2.   For  these  three  crossings,  it 

was  considered  sufficient  to  merely  represent  the  thermal 
structure  of  the  water  by  the  22°C  isotherm.   These  sec- 
tions are  shown  in  figures  2  through  13. 

These  BT  cross  sections  were  then  used  to  locate 
the  currents.   This  was  done  by  first  making  the  assumption 
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that  all  of  the  currents  under  investigation  were  geo- 
strophic.   It  is  felt  that  this  is  a  valid  assumption 
since  it  is  known  that  most  such  ocean  flows  closely  ap- 
proximate geostrophic  currents.   As  explained  in  Chapter 
I,  these  currents,  being  geostrophic,  would  display  a 
horizontal  gradient  of  mean  temperature  since  it  is  known 
that  in  the  upper  layers  of  the  ocean  the  density  of  the 
water  is  far  more  dependent  upon  temperature  than  it  is 
salinity  (Sverdrup  et  al .  1942).   Location  of  the  currents 
then  is  done  by  finding  the  area  of  the  maximum  inclina- 
tion of  the  isotherms.   This,  then,  is  the  region  of  the 
highest  temperature  gradient  and  therefore  is  the  loca- 
tion, or  more  appropriately,  the  approximate  location  of 
the  current . 

4.   Diurnal  Correction  for  Sea  Surface 
Temperature  Data 

The  length  of  time  required  for  the  AL AMINOS  to 
complete  each  of  the  legs  which  were  selected  for  this 
study  was  on  the  order  of  24  hours.   If  aircraft  had  been 
used  to  cover  the  same  tracks,  the  time  required  for  each 
would  have  been  an  hour  or  two  at  most.   Thus  in  order  to 
eliminate  from  the  observed  data  that  portion  of  the  hori- 
zontal temperature  gradients  due  to  diurnal  variation  and 
in  order  to  correlate  as  closely  as  possible  the  data 
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collected  by  ship  with  that  by  an  aircraft,  it  was  con- 
sidered necessary  to  make  corrections  to  all  bucket  tem- 
perature observations  to  eliminate  the  diurnal  variation. 
It  was  decided  that  a  separate  study  of  the  diurnal  varia- 
tion of  sea  surface  temperature  should  be  conducted  in 
the  Gulf  of  Mexico.   The  values  of  diurnal  variation 
which  were  determined  are  as  shown  in  table  1.   For  a 
complete  description  of  the  procedure  for  determining 
these  values,  see  Appendix  A. 

TABLE  1 

DIURNAL  VARIATION  OF  THE  SEA  SURFACE  TEMPERATURE 
IN  THE  GULF  OF  MEXICO 


Diurnal  Range,  ° 

C 

Wind  more 

Wind  less 

Season 

Composite 

than  14  kts 

than  10  kts 

Summer 

0.64 

0.45 

0.78 

Fall 

0.45 

0.25 

0.50 

Winter 

0.31 

0.22 

0.59* 

Spring 

0.40 

0.31 

0.50 

Numerical  value  in  question  due  to  insufficient  data 
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5.   Sea  Surface  Temperature  vs.  Distance  Plots 

Having  located  all  of  the  currents  on  the  BT  cross 
sections,  the  next  step  was  to  plot  the  sea  surface  tem- 
perature (bucket  temperatures  corrected  for  diurnal  varia- 
tion) against  the  same  distance  scale  as  was  used  for  the 
BT  cross  sections.   These  are  the  plots  that  will  be  used 
to  determine  the  horizontal  temperature  gradients  which 
may,  or  may  not,  be  indicative  of  a  current. 

As  was  true  for  the  BT  cross  sections,  straight  line 
segments  were  used  to  connect  data  points  on  the  tempera- 
ture vs.  distance  plots.   This  was  done  since  the  nature 
of  bucket  temperature  observations  requires  that  the  ob- 
servations be  separated  in  space.   In  this  study  the 
bucket  observations  were  separated  by  distances  as  great 
as  ten  nautical  miles  or  more.   This  being  the  case,  it 
was  felt  that  there  was  not  justification  for  fairing  in 
a  smooth  curve . 

It  should  be  noted  in  figures  14  through  25  that  the 
plot  of  sea  surface  temperature,  in  some  cases,  does  not 
correspond  in  distance  to  the  distance  shown  on  its  asso- 
ciated BT  cross  section.   This  is  true  since  some  of  the 
BT  cross  sections  show  a  crossing  of  more  than  one  current 
and  it  was  considered  sufficient  to  investigate  only  one 
such  current  in  each  season.   Thus  the  plots  of  corrected 
sea  surface  temperature  indicate  only  a  portion  of  the  BT 
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cross  section  as  shown  by  the  distance  scale  on  the 
plots . 

6.   Computation  of  Horizontal 
Temperature  Gradients 

With  all  of  the  data  thus  graphically  displayed  it 
was  possible  to  compute  the  horizontal  temperature  gradi- 
ents that  existed  across  currents  at  the  surface  and  at 
100  meters.   The  100  meter  level  was  chosen  for  a  compari- 
son level  since  it  has  been  shown  by  Strack  (1953)  that 
the  temperature  gradients  at  this  level  accurately  repre- 
sent the  gradients  that  exist  deeper  within  the  Gulf 
Stream.   If  this  is  true  for  the  Gulf  Stream  it  is  felt 
that  it  is  valid  to  assume  that  the  same  is  true  for  cur- 
rents being  observed  in  the  Gulf  of  Mexico. 

Gradients  were  determined  by  first  measuring  the 
distances  across  the  currents  as  shown  on  the  BT  cross 
sections.   The  absolute  value  of  the  temperature  differ- 
ence across  the  current  was  found  from  the  surface  tem- 
perature plots  and  the  gradient  determined  by  division  of 
the  temperature  difference  by  the  distance. 

These  gradients  were  subsequently  used  to  make  a 
comparison  of  the  gradients  for  all  of  the  seasons .   The 
purpose  of  this  comparison  was  to  determine  what,  if  any, 
seasonal  variation  is  found.   Gradients  obtained  for  the 
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various  crossings  were  also  compared  to  test  the  feasi- 
bility of  determining  the  presence  of  currents  by  surface 
temperature  gradients  alone. 


CHAPTER        IV 
DISCUSSION   OF   RESULTS 

1.  BT  Cross  Sections 

In  comparing  all  of  the  BT  cross  sections,  one 
striking  seasonal  difference  can  be  seen.   The  summer 
BT  cross  sections  show  the  isotherms  to  be  fairly  uniform 
and  the  depth  of  the  mixed  layer  to  be  rather  consistently 
shallow.   The  winter  sections,  on  the  other  hand,  show  the 
isotherm  patterns  to  be  more  irregular  particularly  near 
the  surface.   The  winter  sections  also  show  that  the  depth 
of  the  mixed  layer  ranges  from  very  shallow  to  very  deep. 
Few  isotherms  are  seen  to  break  the  surface  in  the  summer 
while  the  winter  sections  show  several  breaking  the  sur- 
face. 

Special  attention  is  called  to  figure  9  which  is  the 
cross  section  for  crossing  number  B-3.   It  can  be  seen 
that  the  current  selected  for  study  in  this  section  has  a 
rather  confused  pattern  in  the  surface  layer.   The  current 
edge  is  not  well  defined  on  the  cold  water  or  the  left 
hand  side  of  the  current.   One  interpretation  of  the  cur- 
rent as  represented  by  this  cross  section  is  that  it  is 
a  wide,  slow,  poorly  defined  current  which  perhaps  has, 
incorporated  within  itself,  an  eddy  or  some  form  of  irregu- 
lar flow.   Since  a  flow  pattern  of  this  type  is  difficult 
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to  imagine  and  also  because  of  the  extreme  width  of  such 
a  current,  as  shown,  this  interpretation  is  not  favored. 

An  alternative  and  preferable  interpretation  of  the 
current  pattern  as  shown  in  crossing  B-3  is  that  instead 
of  one  wide  current,  there  are  actually  three  currents 
represented  by  the  patterns.   The  middle  current  of  the 
three  would  then  be  flowing  in  the  opposite  direction  of 
the  outside  two.   This  would  indicate  then  that  the  Gulf 
Loop  Current  must  look  something  like  that  shown  in  figure 
27. 

Using  this  latter  interpretation,  then,  horizontal 
gradients  of  sea  surface  temperature  were  computed  three 
times,  one  for  each  of  the  three  currents  shown  by  the 
section.   A  fourth  gradient,  for  comparison  purposes,  was 
computed  across  the  entire  width  as  indicated  by  the  first 
interpretation. 

It  should  be  noted  that  in  crossing  number  C-3, 
shown  in  figure  10,  that  the  BT  cross  section  does  not 
appear  to  include  the  entire  current.   This  appears  to  be 
true  because  one  notes  that  the  isotherms  commence  sloping 

steeply  downward  from  the  very  beginning  of  the  observa- 
tions on  this  leg.   However  it  should  be  noted  that  the 
depth  of  the  water  on  the  cold  water  side  falls  off  rapidly, 
thus,  the  steep  slope  of  the  isotherms  may  be  incluenced 
by  the  depth  of  the  water  as  well  as  the  current.   In  any 
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case  it  is  felt  that  this  would  cause  no  serious  error  in 
the  calculation  of  the  horizontal  temperature  gradient. 

A  general  feature  of  most  of  the  BT  cross  sections 
that  is  worthy  of  note  is  the  fact  that  there  appears  to 
be  a  good  indicator  of  the  current  edge,  particularly  on 
the  cold  water  side.   On  this  side  the  isotherms  tend  to 
peak  upward  just  before  they  begin  their  steep  descent. 
While  this  appears  obvious  for  the  cold  water  side  of  the 
current,  there  is  no  comparable  demarkation  for  the  warm 
water  side.   Such  a  phenomenon  has  been  encountered  in 
studies  of  the  Gulf  Stream  by  Ford  and  Miller  (1952) .   Up- 
on first  glance  this  might  be  explained  as  a  line  of  di- 
vergence which  separates  the  current  from  the  adjacent 
waters  and  which  results  in  a  tendency  for  colder  subsur- 
face water  to  be  brought  toward  the  surface.   Further  com- 
ment on  this  observation  will  be  reserved  until  the  later 
discussion  on  a  related  feature  of  the  sea  surface  tem- 
perature vs.  distance  plots. 

2.   Sea  Surface  Temperature  vs.  Distance  Plots 

As  previously  mentioned,  the  sea  surface  temperature 
plots  were  used  to  determine  what  amount  of  the  cross  cur- 
rent mean  temperature  gradient  has  been  manifested  in  the 
gradient  of  sea  surface  temperature.   The  absolute  value 
of  the  amount  of  temperature  change,  as  shown  in  the  sea 
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surface  temperature  plots  (figures  14  through  25)  range 
from  a  low  of  0.33°C  in  the  summer  for  crossing  C-l,  to  a 
high  of  4.57°C  for  crossing  B-3  curing  the  winter  season. 
A  quick  comparison  of  the  seasons  shows  definitely  that 
the  amount  of  temperature  change  experienced  when  crossing 
a  current  in  the  winter  is  the  largest  of  all  seasons,  and 
that  during  the  summer  one  will  experience  the  smallest 
temperature  change  while  traversing  a  current.   A  summary 
of  the  values  of  the  temperature  change  for  all  of  the 
current  crossings  is  given  in  table  2. 

A  feature  of  interest  shown  on  some  of  the  plots  of 
sea  surface  temperature  is  the  existence  of  a  narrow  band 
or  surface  filament  of  cold  water  existing  within  the  cur- 
rent.  This  is  thought  to  be  a  surface  indication  related 
to  the  peaking  of  the  isotherms  which  was  observed  in  the 
BT  cross  sections.   This  phenomenon  is  noticable  during 
both  fall  and  winter  crossings  of  the  Yucatan  and  the  Gulf 
Loop  Currents  but  not  the  Florida  Current. 

A  similar  observation  has  been  made  previously  by 
Ford,  Longard,  and  Banks  (1952)  in  the  Gulf  Stream  and  by 
Cochrane  (1966)  in  the  Yucatan  Current.   These  two  dif- 
ferent papers,  however,  give  differing  views  as  to  the 
cause  of  this  phenomenon.   Ford  et  al .  accounts  for  this 
layer  of  cold  water  as  the  result  of  cold,  low  salinity, 
subsurface  shelf  water  that  has  mixed  with  the  water  of 
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the  current  proper  and  has  formed  a  product  that  is 
markedly  different  from  either.   Ford  et  al .  also  state 
that  this  water,  when  appearing,  is  always  at  or  near  the 
cold  water  edge  of  the  current.   Cochrane,  on  the  other 
hand,  did  not  find  any  source  of  cold,  low  salinity  water 
by  which  he  could  explain  his  observation  and  thus  attri- 
buted the  occurrence  to  be  the  result  of  a  divergence 
line.   For  this  investigation  it  is  thought  that  the  mix- 
ing process  must  play  some  part  in  the  occurrence  since 
the  data  indicate  that  the  cold  band  becomes  less  distinct 
downstream,  and  is  not  observable  at  all  in  the  crossings 
of  the  Florida  Current .   Therefore  it  is  thought  that  as 
the  Yucatan  Current  comes  under  the  influence  of  the  con- 
tinental shelf  off  the  Yucatan  Penninsula,  it  must, 
through  mixing,  pick  up  a  supply  of  cold  water  which  tends 
to  come  to  an  equilibrium  temperature  with  the  surrounding 
water  during  downstream  travel. 

Due  to  the  straight  line  segment  method  of  construc- 
tion of  the  sea  surface  temperature  vs.  distance  plots, 
some  of  the  detail  of  the  surface  temperature  picture  was 
lost.   Thus  in  the  analysis  of  these  plots,  reference  was 
made  to  the  thermograph  record  obtained  during  each  of  the 
crossings.   The  existence  of  the  cold  filament  is  more 
pronounced  on  such  records  as  is  the  temperature  pattern 
of  the  surface  shown  in  more  detail.   The  thermograph 
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traces  appear  to  give  a  clearer  indication  of  a  current. 
The  temperature  fluctuations  are  quite  complex  while  in  a 
current  whereas  the  record  is  smooth  while  in  slack  water. 
This  is  taken  to  be  an  indication  that  turbulence  and  mix- 
ing processes  are  taking  place  within  the  current. 

Even  though,  as  has  been  mentioned,  the  thermograph 
record  is  more  detailed  due  to  its  continuous  recording 
nature,  it  was  not  utilized  exclusively  in  this  study  but 
used  only  as  a  reference  in  conjunction  with  the  sea  sur- 
face temperature  vs.  distance  plots.   The  thermograph 
traces  were  not  used  exclusively  because  it  was  felt  that 
the  bucket  temperature  observations  directly  at  the  sur- 
face would  more  closely  approximate  the  values  of  the 
simulated  aircraft  type  data  than  would  the  thermograph 
whose  sensing  element  is  located  at  a  depth  of  approxi- 
mately eleven  feet.   The  loss  of  detail  in  using  bucket 
temperatures  is  acceptable  so  long  as  the  thermograph 
traces  are  available  for  reference. 

3 .   Comparison  of  the  Horizontal 
Temperature  Gradients 

The  final  step  in  the  analysis  of  the  data  for  this 
problem  consisted  of  comparing  the  horizontal  thermal 
gradients  computed  for  each  of  the  cross  current  transits. 
A  summary  of  these  results  is  given  in  table  2.   The 
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abnormally  small  values  of  some  of  the  horizontal  tempera- 
ture gradients  observed  at  100  meters  can  be  explained  by 
the  fact  that,  in  each  case,  as  seen  in  the  BT  cross  sec- 
tion, the  mixed  layer  depth  extended  below  100  meters. 
Therefore,  at  these  places  the  gradient  of  temperature  at 
100  meters  would  not  accurately  represent  the  character- 
istic temperature  gradient  across  the  entire  current.   In 
general  it  can  be  stated  that  the  sea  temperature  gradient 
existing  at  100  meters  is  between  eight  and  ten  times 
greater  than  that  at  the  surface. 

It  is  interesting  to  note  that  for  crossing  B-3, 
which  was  mentioned  previously  as  having  a  confused  pat- 
tern of  isotherms  and  which  was  expected  to  have  a  low 
temperature  gradient  when  the  entire  width  of  the  current 
was  considered,  actually  had  a  relatively  high  temperature 
gradient.   This  is  taken  as  evidence  that  even  if  the 
first  interpretation  is  correct  and  an  extremely  wide  cur- 
rent exists,  the  thermal  structure  of  the  water  during  the 
winter  season  will  still  yield  a  temperature  change  across 
the  current  of  sufficient  magnitude  to  be  easily  observ- 
able . 

In  order  to  show  that  the  horizontal  temperature 
gradients  found  for  each  of  the  seasons  were  actually  in- 
dicative of  the  currents  studied,  it  is  of  course  necessary 
to  show  that  no  horizontal  temperature  gradients,  through 
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comparable  distances,  can  be  found  to  exist  except  in  the 
presence  of  currents.   In  reviewing  the  bucket  temperature 
data  from  approximately  10,500  nautical  miles  of  ships 
tracks  it  was  found  that  in  areas  other  than  those  of  the 
Loop  Current  that  the  temperature  change  through  a  compa- 
rable  distance  amounted  to  normally  no  more  than  0.2  to 
0.4°C.   The  maximum  sea  surface  temperature  changes  in 
these  other  areas  for  the  four  seasons  was  found  to  be: 
summer-   0.75°C,  fall-   0.62°C,  winter-   0.51°C,  and 
spring-   0.65°C. 

The  inference  to  be  drawn  from  the  above  is  that 
during  the  summer,  slack  water  temperature  gradients  may 
be  nearly  equal  to  the  temperature  gradients  associated 
with  the  currents.   Thus,  during  the  summer  months  it 
would  apparently  prove  fruitless  to  attempt  to  trace  cur- 
rent patterns  by  this  method.   During  the  fall  and  winter, 
on  the  other  hand,  the  sea  surface  temperature  change 
associated  with  the  currents  is  sufficiently  greater  than 
any  expected  sea  surface  temperature  change  in  slack  water. 
Therefore  it  appears  that  sea  surface  temperature  would  be 
a  good  indicator  of  currents  in  these  seasons.   During  the 
spring,  the  reliability  of  this  system  would  be  question- 
able . 

These  results  appear  reasonable  when  one  considers 
the  nature  of  the  thermal  structure  seasonal  changes. 
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Consider  the  schematic  representation  as  shown  in  figure 
26  (a)  which  would  be  typical  of  a  summertime  situation. 
During  the  summer  one  finds  a  relatively  shallow  mixed 
layer,  a  strong  thermocline,  and  stable  conditions  pre- 
dominating.  In  moving  from  position  A  to  B  in  figure  26 
(a) ,  one  can  see  that  the  water  at  the  surface  is  still 
basically  the  same  temperature.   Autumnal  cooling  and  the 
usually  stronger  winds  that  prevail  during  this  season 
will  break  down  the  stability  of  the  upper  layers  and 
allow  mixing  to  extend  to  greater  depths .   One  can  now  see 
that  at  position  B  in  figure  26  (b)  that  even  though  the 
depth  of  the  mixed  layer  has  increased,  water  of  nearly 
the  same  temperature  has  been  mixed.   At  position  A  on 
the  other  hand,  the  mixing  involves  water  of  a  temperature 
difference,  delta  T,  and  the  resulting  surface  water  tem- 
perature should  be  lower  after  mixing.   The  resultant  of 
this  process  would  then  look  like  figure  26  (c) ,  charac- 
teristic of  mid-winter  conditions.   Now  an  observer  moving 
from  position  A  to  B  would  notice  a  large  change  in  sea 
surface  temperature  in  relation  to  the  current. 

The  results  of  this  study  agree  quite  favorably  with 
those  of  Strack  (1953) .   Strack  has  found  that  in  99  cross- 
ings of  the  Gulf  Stream,  only  17  times  did  the  sea  surface 
temperature  fail  to  reflect  the  changes  occurring  deeper 
within  the  current.   In  all  17  cases  where  he  was  unable 
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to  show  any  correlation  between  changes  in  sea  surface 
temperature,  the  data  had  been  collected  during  the  summer 
months.   Strack's  conclusions  were  that  the  horizontal 
temperature  gradients  were  reliable  indicators  of  the  Gult 
Stream  during  the  winter  months  only.   The  nature  of  the 
surface  temperature  changes  with  respect  to  currents  also 
concurs  with  the  work  of  Church  (1937;  as  cited  in  Ford 
et  al.  1952) . 


CHAPTER   V 
CONCLUSIONS  AND  RECOMMENDATIONS 

1.   Conclusions 

From  the  results  shown  by  the  sea  surface  tempera- 
ture vs.  distance  plots,  it  is  concluded  that,  in  trav- 
ersing any  one  of  the  currents  investigated,  there  is  an 
observable  change  in  sea  surface  temperature  which  is 
associated  with  the  current.   This  change  is  such  that  if 
one  were  to  observe  an  increase  in  the  sea  surface  tem- 
perature the  direction  of  the  current  would  be  to  the  ob- 
server's left  as  he  faced  across  the  current.   Conversely, 
the  current  would  be  to  the  observer's  right  if  a  tem- 
perature decrease  were  observed. 

Further  it  is  concluded  that  this  observable  change 
in  sea  surface  temperature  associated  with  the  currents 
used  for  this  investigation  has  a  seasonal  variation. 
This  variation  is  such  that  it  can  reasonably  be  expected 
to  detect  the  presence  of  these  currents  in  the  Gulf  of 
Mexico  using  only  sea  surface  temperature  data  during  the 
fall  and  winter  seasons. 

Based  on  the  capabilities  of  the  ART  (Peloquin  1961; 
1963),  and  upon  the  magnitude  of  observable  horizontal 
sea  surface  temperature  gradients,  as  determined  by  this 
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study,  it  is  further  concluded  that  it  would  be  feasible 
to  use  an  aircraft  equipped  with  an  ART  for  large  area 
current  surveys  in  the  Gulf  of  Mexico  during  the  fall  and 
winter  months . 

2.   Recommendations 

It  has  been  shown  here  and  by  Strack  that  it  is 
feasible  to  use  sea  surface  temperature  gradients  to  de- 
tect and  track  currents  in  two  specific  areas  of  the  ocean 
during  the  fall  and  winter.   It  is  recommended  that  fur- 
ther studies  be  conducted  in  other  regions  of  the  ocean 
to  determine  the  feasibility  of  using  aircraft  to  trace 
currents  in  all  areas  of  the  ocean.   It  is  also  felt  that 
additional  studies  should  be  conducted  using  an  aircraft 
as  the  data  collection  vehicle.   In  these  studies  it  would 
be  desirable  to  have  simultaneous  data  collected  by  sur- 
face ships  in  order  to  provide  a  ground  truth  for  the 
airborne  data. 

If  the  state  of  knowledge  can  be  brought  to  the 
point  where  currents  can  be  reliably  tracked  world  wide 
by  the  use  of  sea  surface  temperature  data,  it  would  be 
desirable  to  conduct  studies  leading  toward  the  direct 
computation  of  geostrophic  currents  based  on  aircraft  col- 
lected data.   The  ground  work  on  this  subject  has  already 
been  provided  by  the  work  of  Stommel  (1947)  and  La  Fond 
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(1949)  who  have  suggested  means  of  estimating  geostrophic 
currents  from  bathythermograph  data.   James  (1966c)  has 
gone  a  step  further  by  suggesting  a  method  whereby  a  noma- 
gram  is  prepared  on  the  basis  of  a  good  T-S  relationship 
which  is  characteristic  of  an  area  and  empirical  relation- 
ships.  This  nomagram  is  then  utilized  to  estimate  the 
geostrophic  current  based  solely  on  the  observations  of 
horizontal  sea  surface  temperature  gradient. 

Another  subject  for  possible  further  study  concerns 
the  observations  made  in  this  study  and  by  others,  of  the 
existence  of  the  filament  of  cold  water  appearing  at  the 
surface  within  some  of  the  currents.   It  is  recommended 
that  a  study  be  conducted  in  the  Gulf  Loop  Current,  util- 
izing thermograph  traces,  which  will  trace  the  band  of 
cold  water  upstream  and  attempt  to  determine  the  origin 
of  the  cold  water. 

Additionally,  it  is  recommended  that  the  FORTRAN 
program  written  for  this  study  be  used  for  a  continuing 
study  of  diurnal  variation  of  sea  surface  temperature 
under  various  conditions. 


APPENDIX  A 

DETERMINATION  OF  DIURNAL  VARIATION  OF  SEA  SURFACE 
TEMPERATURE  IN  THE  GULF  OF  MEXICO 

1 .   Procedure 

The  work  of  previous  investigators  on  dirunal  varia- 
tion of  sea  surface  temperature  was  not  considered  adequate 
to  describe  the  variation  in  the  Gulf  of  Mexico  in  the  re- 
quired detail  necessary  for  this  study.   Sverdrup  et  al . 
(1942)  has  shown  a  diurnal  variation  for  the  topics  (see 
table  3) ,  however  he  states  that  the  numerical  values 
given  are  questionable.   Koizumi  (1956;  as  cited  Roll 
1965)  has  also  completed  a  stady  on  diurnal  variation  in 
the  Pacific  but  his  \70rk  was  in  higher  latitudes  than 
those  encountered  in  the  Gulf  (see  table  4) .   The  detail 
in  the  description  of  diurnal  variation  that  was  consi- 
dered desirable  for  this  study  consists  of  the  diurnal 
variation  for  each  season  of  the  year,  and  within  each 
season,  the  diurnal  variation  when  the  wind  is  stronger 
than  14  kts  as  well  as  for  winds  less  than  10  kts.   For 
this  reason  it  was  considered  necessary  to  conduct  a  new. 
study  to  determine  the  diurnal  variation  of  the  Gulf  of 
Mexico. 

Obviously,  the  most  practical  means  by  which  one 
should  attempt  to  determine  the  diurnal  variation  is  to 
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TABLE  3 

RANGE  OF  DIURNAL  VARIATION  OF  SURFACE  TEMPERATURE 

IN  THE  TROPICS 

(Table  32  Sverdrup  et  al.  1942) 


Wind  and  Cloudiness 


Temperature  Range,  °C 
Avg .      Max .      Min . 


1.  Moderate  to  fresh  breeze 

a.  Sky  overcast  0.39 

b.  Sky  clear  0.71 

2.  Calm  or  very  light  breeze 

a.  Sky  overcast  0.93 

b.  Sky  clear  1.59 


0.60 
1.10 


1.40 
1.90 


0.0 
0.30 


0.60 
1.20 


TABLE  4 

SEASONAL  CHANGE  IN  DIURNAL  RANGE  OF  SST 
FOR  OCEAN  STATIONS  EXTRA  AND  TANGO 

(after  Koizumi  1956) 


Station 


Position 


Diurnal  Range,   C 


Annual     Winter     Summer 
Avg. 


EXTRA 


39°  00'  N 
155°  00 !  E 


0.28 


0.14 


0.54 


TANGO 


29°  00  !  N 
135°  00'  E 


0.45 


0.30 


0.67 
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obtain  data  from  a  fixed  station.   This  type  of  data  is 
available  for  only  one  location  in  the  Gulf,  but  this 
source  is  not  considered  adequate  for  this  work.   The 
NOMAD  buoy  in  the  Gulf  gives  the  sea  surface  temperature 
only  in  half  degree  centigrade  increments.   Other  data 
available  consists  of  bucket  temperature  observations 
taken  from  a  moving  ship.   This  has  the  disadvantage  that 
one  is  not  always  measuring  the  temperature  of  the  same 
water  mass,  and  the  temperature  changes  noted  would  not 
only  be  due  to  diurnal  variation  but  also  due  to  the  tem- 
perature of  the  different  water  masses,  and  also  due  to 
the  local  effects  of  upwelling,  river  outflow,  and  cur- 
rents.  In  addition  to  the  effects  of  the  moving  platform 
on  the  range  of  diurnal  variation,  changes  in  local  ap- 
parent time  due  to  changes  in  longitude  will  effect  the 
time  of  the  daily  maximum  and  minimum  temperatures.   Since 
the  gulf  of  Mexico  is  approximately  15   of  longitude  wide, 
the  change  in  local  apparent  time  would  be  approximately 
one  hour  for  a  complete  crossing  of  the  Gulf.   Thus  it 
was  necessary  to  assume  the  Gulf  of  Mexico  to  be  a  large 
pool  of  water  having  essentially  the  same  sea  surface  tem- 
perature everywhere  and  that  any  anomalous  temperatures 
would  be  due  to  the  above  described  effects  of  the  moving 
platform. 

The  procedure,  then,  was  to  take  a  large  quantity  of 
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data,  assuming  a  random  selection,  and  to  find  the  fre- 
quency of  occurrence  of  the  temperatures  for  each  hour 
under  specified  conditions.   The  most  frequently  observed 
temperature  for  each  hour  was  then  considered  as  the  one 
which  is  "normal."  The  diurnal  variation  then  may  be 
found  by  using  the  mode  of  the  distribution  curve  for  each 
hour.   As  a  check  on  this  procedure,  the  frequency  weighted 
mean  temperature  for  each  hour  was  also  calculated  and  the 
diurnal  range  determined  from  this  information.   It  was 
found  that  by  using  the  frequency  weighted  mean  tempera- 
ture a  smoother  curve  for  the  range  of  diurnal  variation 
was  produced. 

As  described  above,  the  diurnal  variation  for  each 
of  the  four  seasons  was  determined  and  within  each  season 
the  diurnal  variation  was  determined  for  the  various  wind 
conditions.   Winds  above  14  kts  were  considered  high  winds 
and  those  below  10  kts  as  low.   Even  though  the  earlier 
suggestions  that  the  drag  coefficient  over  water  increases 
abruptly  at  about  the  speed  of  14  kts  is  not  supported 
(Deacon  and  Webb  1962),  it  is  still  considered  that  the 
ten  to  fourteen  knot  dividing  zone  is  meaningful.   The 
linear  increase  in  drag  coefficient  in  this  zone  (Francis 
1951;  Malkus  1962)  is  still  sufficient  to  produce  the 
critical  value  of  drag  coefficient  necessary  to  produce 
whitecaps  on  the  surface  and  the  associated  turbulent 
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mixing  which  accounts  for  a  decrease  in  the  observed  di- 
urnal range  (Mosby  1958;  as  cited  in  Roll  1965) . 

In  determining  the  frequency  of  occurrence  and  the 
frequency  weighted  mean  temperature  for  each  of  the  cate- 
gories chosen,  a  FORTRAN  computer  program  was  written  (see 
table  7).   This  program  was  utilized  to  analyze  4,017  ob- 
servations of  the  sea  surface  temperature  as  taken  by  a 
bucket  thermometer  aboard  the  R/V  ALAM1N0S.   The  breakdown 
of  the  number  of  observations  by  seasons  appears  in  table 
5. 

The  results  of  this  diurnal  variation  study  show  a 
definite  bi-modal  distribution  of  the  surface  temperatures. 
This  is  due  to  two  fundamental  reasons.   First,  the  selec- 
tion of  data  for  this  analysis  was  not  truly  random  be- 
cause it  depended  upon  ship  tracks  and  upon  the  mission  of 
the  ship  during  each  cruise  from  which  data  were  taken. 
The  second  reason  for  the  bi-modal  distribution  is  that 
the  initial  assumption  that  the  Gulf  of  Mexico  is  a  large 
pool  of  water  having  a  nearly  constant  surface  temperature 
everywhere,  is  false.   In  actuality  one  finds  there  are 
two  basic  water  masses  in  the  Gulf  which  are  separated 
from  one  another  by  the  currents  which  cut  across  the 
southeastern  portion  of  the  Gulf.   The  cold  side  corre- 
sponds to  what  is  normally  called  the  left  hand  water,  and 
the  warm  side  of  the  Gult  corresponds  to  the  right  hand 
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TABLE  5 

NUMBER  AND  SOURCES  OF  BUCKET  TEMPERATURE  OBSERVATIONS 
FOR  DIURNAL  VARIATION  STUDY 


Season 


Cruise  number  from  which 
observations  collected 


Number  of 
observations 


Summer 


Fall 


Winter 


Spring 


65-A-ll 
65-A-12 
65-A-13 

63-A-3 
65-A-16 

64-A-2 
64-A-3 
64-A-15 
64-A-16 

64-A-7 
64-A-3 
65-A-7 


66-A-ll 
66-A-12 


66-A-15 


65-A-2 
66-A-l 
66-A-3 


66-A-6 
66-A-7 


1,236 

633 
1,183 


966 


Total 


4,017 
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water.   Research  vessels  normally  search  out  oceanographic 
features  such  as  currents  and  attempt  to  make  transits  of 
them.   For  this  reason  one  can  see  how  a  bimodal  distri- 
bution can  be  achieved. 

Table  1  summarizes  the  results  of  the  diurnal  varia- 
tion study.   One  can  see  that,  as  expected,  the  diurnal 
variation  during  the  summer  months  is  considerable,  while 
during  the  winter  months  it  is  almost  negligible.   The 
effect  ot  wind  velocity  on  the  diurnal  variation  is  quite 
obvious.   The  main  feature  is  that  at  high  wind  velocity 
the  wave  motion  produces  a  thorough  mixing  in  the  surface 
layers  and  allows  the  incoming  solar  radiation  to  be  dis- 
tributed over  a  much  greater  volume  of  water,  (deeper 
mixed  layer)  leading  to  a  small  range  of  temperature. 
However,  in  calm  weather  the  intensive  mixing  does  not 
take  place  and  the  incoming  solar  radiation  is  confined  to 
a  mucu  shallower  layer,  thus  causing  a  higher  range  of 
temperature . 

After  computation,  all  of  the  values   found  in  table 
1  were  used  to  correct  all  bucket  temperature  observations 
By  assuming  that  the  diurnal  range  takes  on  sinusoidal 
characteristics,  as  suggested  by  Sverdrup  et  al .  (1942), 
it  was  possible  to  construct  a  correction  graph  in  the 
form  of  a  smooth  sine  curve  having  an  amplitude  of  one 
half  the  value  of  the  diurnal  range  (see  figures  28  (a) , 
(b)  ,  and  (c)).   In  this  manner  the  correction  factor 
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would  then  have  the  effect  of  bringing  all  observations  to 
a  mean  value . 

2.   FORTRAN  Program 

The  data  used  in  determining  the  diurnal  variation 
of  sea  surface  temperature  were  processed  by  means  of  the 
IBM  709  computer  system  of  the  Data  Processing  Center, 
Texas  A&M  University.   The  program  written  for  this  study 
(see  table  7)  is  designed  to  separate  the  various  observa- 
tions of  the  sea  surface  temperature  into  predetermined 
zones  and  to  count  the  number  of  observations  in  each  of 
the  zones.   This  allows  an  output  which  will  give  the  fre- 
quency of  occurrence  of  a  particular  temperature  for  each 
hour  of  the  day.   The  program  will  also  separate  the  data 
in  such  a  manner  as  to  determine,  from  the  same  data,  the 
frequency  of  occurrence  under  any  desired  sets  of  restric- 
tions such  as  wind  conditions  or  cloudiness.   In  this 
manner  one  can  find  the  frequency  of  occurrence  of  the 
temperature  not  only  for  the  composite  of  all  data  ana- 
lyzed for  a  particular  period  of  time  but  also  the  fre- 
quency of  occurrence  of  the  temperature  for  the  same 
period  under  any  set  of  restrictions  selected. 

The  output  of  this  program  consists  of  the  ICOUNT 
(explained  in  the  list  of  FORTRAN  symbols;  table  6)  array 
which  gives  the  number  of  observations  in  each  of  the 
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predetermined  zones  for  each  hour  of  the  day.   The  output 
also  includes  a  listing  for  each  hour  of  the  mode  tempera- 
ture of  the  distribution  curve,  the  percentage  of  total 
observations  for  a  given  hour  that  fall  within  the  zone 
of  the  mode  temperature,  and  finally,  the  frequency  weighted 
mean  temperature  for  each  hour. 

It  is  felt  that  the  basic  program  could  be  expanded 
through  the  use  of  subroutine  or  function  sub-programs  to 
enable  computation  of  statistical  parameters  such  as 
standard  deviation,  skewness,  kurtosis,  etc.   This  was  not 
done  in  this  study  because  the  principle  idea  being  inves- 
tigated was  the  relationship  of  surface  temperatures  to 
currents  and  not  a  statistical  study  of  the  diurnal  vari- 
ation of  sea  surface  temperature. 

3.   Directions  for  Use  of  the  Program 

1.  Place  all  temperature  data  on  cards  using  format 
8F10.4.   This  gives  8  hours  observations  on  one  card 
or  three  cards  equal  to  one  day's  observations.   If 
any  hourly  observation  was  not  made  place  0.0  in 
the  correct  spot  on  the  data  card  and  the  program 
will  disregard  this  hour. 

2.  Punch  the  ISEP  cards  in  format  2411.   The  numbers  used 
for  the  hourly  separation  parameters  in  this  study 
were: 
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0-  use  in  composite  only  and  not  in  either  of 
the  separated  counts 

1-  use  data  in  composite  and  also  count  for  wind 
more  than  14  kts 

2-  use  in  composite  and  also  in  the  count  for  wind 
less  than  10  kts . 

This  could  have  been  used  to  separate  by  percentage  of 
cloud  cover  or  any  other  parameter  desired.   If  no 
separation  of  the  data  is  desired: 

a.  Remove  the  section  of  the  program  from  the 
statement: 

DO  20  I  =  1,N 

through  the  statement: 

20  CONTINUE 

b.  Do  not  put  any  ISEP  data  cards  in  the  deck 

c.  Replace  the  statement: 

DO  49  KKK  =1,3 
by  the  statement: 
KKK  =  1 
Arrange  the  data  cards  in  the  following  order: 

a.  $DATA 

b.  A  card  containing  the  value  of  M  in  columns 
1-5  (right  adjusted) 
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c.   A  card  containing  the  value  of: 
i.   MM        in  columns  1-5 
ii.   X         in  columns  6-15 
iii.   DELTAX    in  columns  16-25 
iv.   N         in  columns  26-30 


format  15 

format  F10.4 

format  F10.4 

format  15 


d.  The  data  cards  for  the  DAYORA  array  for  the  first 
set  of  data;  the  numoer  of  cards  in  this  section 
should  equal  three  times  N. 

e.  The  ISEP  cards  for  the  first  set  of  data;  the  num- 
ber of  cards  in  this  section  should  equal  N. 

f.  If  more  than  one  set  of  data  is  to  be  analyzed,  a 
card  containing  all  of  the  information  similar  to 
card  c.  above,  will  be  inserted  before  each  of  the 
different  sets  of  data.   The  values  of  the  vari- 
ables shown  on  this  card  may  be  different  from  one 
set  of  data  to  the  next.   This  card  will  also  act 
as  the  separator  card  for  the  different  sets  of 
data. 

g.  Then  place  remaining  sets  of  data,  alternating  the 
separator  card,  the  DAYORA  data,  and  the  ISEP  data 

4.   This  program  will  require  approximately  300  lines  of 
output  for  each  set  of  data  and  will  require  approxi- 
mately 10  seconds  for  each  30  days  of  data  to  be  ana- 
lyzed . 
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TABLE  6 
FORTRAN  SYMBOLS 


FORTRAN 


DEFINITION 


ZONE (I) 


DAYORA(I, J) 


ICOUNT(I, J) 


XMODE(I) 


PERC(I) 


FWMT(I) 


ISEP(I) 


M 


MM 


The  array  containing  the  numerical 
value  of  the  upper  limit  of  each 
zone  chosen  for  the  frequency  dis- 
tribution count. 

The  array  used  to  store  the  values  of 

sea  surface  temperature  for  each  day 

(DAY)  and  for  each  hour  (ORA)  of  the 
day. 

The  array  used  to  count  the  number  of 
occurrences  of  a  temperature  in  each 
particular  zone. 

The  array  used  to  store  the  mode 
value  of  temperature  for  each  of  the 
24  hourly  distribution  curves. 

The  array  used  to  store  the  percent- 
age of  observations  that  occur  within 
the  zone  from  which  XMODE  was  deter- 
mined . 

The  array  holding  the  computed  values 
of  the  24  hourly  values  of  frequency 
weighted  mean  temperature. 

The  array  used  to  hold  information  on 
each  of  the  observations  in  the  DAYORA 
array  which  will  be  used  to  separate 
the  counting  process  by  any  predeter- 
mined parameter. 

The  number  of  sets  (i.e.  seasons, 
months,  cruises,  etc.)  of  data  to  be 
analyzed . 

Within  each  set  of  data,  the  number 
of  zones  in  which  counting  will  be 
performed  to  find  the  frequency  of 
occurrence . 
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TABLE  6  (Continued) 


FORTRAN 


DEFINITION 


X 


DELTAX 


N 


The  starting  value  or  the  upper  limit 
of  the  highest  value  zone. 

Zone  increment;  the  increment  between 
each  value  contained  in  the  ZONE 
array. 

Within  each  set  of  data  being  ana- 
lyzed, the  number  of  days  of  data 
contained  in  the  data  cards . 


KK 


KKK 


Counter  used  in  the  output  to  iden- 
tify set  of  data  number  . 

Counter  used  to  identify  in  the  out 
put  each  of  the  subsets  of  data 
within  each  set  of  KK. 
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APPENDIX  B 
EXAMPLE  DATA  SUMMARY 

TABLE  8 
EXAMPLE  DATA  SHEET  FOR  CROSSING  A-l 


Season: 

Summer 

Crossing  No . : 

A-l 

Cruise: 

66-A-ll 

August  1966 

Start 

Stop: 

Lat:    22' 

d  29  '  N 

Lat 

:    25° 

03'  N 

Long:   86" 

3  59'  W 

Lon 

g:   83° 

56'  W 

Time:   080535  Z 

Time:   091315  Z 

BT 

Distance 

Diurnal 

No. 

Time  (Z) 

N.M. 

Ts 

Correction 

Ts(c) 

T100 

44 

080645 

11.0 

28.5 

+  .14 

28.64 

15.50 

S-28 

0730 

20.0 

28.4 

+  .20 

28.60 

16.50 

45 

0900 

31.0 

28.5 

+  .34 

28.59 

19.50 

S-29 

0938 

39.2 

28.0 

+  .36 

28.36 

24.00 

46 

1115 

48.9 

28.4 

+  .38 

28.78 

25.00 

S-30 

1156 

56.9 

29.0 

+  .37 

29.37 

26.50 

47 

1340 

70.1 

29.5 

+  .31 

29.81 

26.25 

S-31 

1400 

74.1 

29.7 

+  .27 

29.91 

26.50 

48 

1715 

96.1 

29.9 

-.02 

29.88 

26.75 

S-32 

1800 

105.2 

29.6 

-.10 

29.50 

27.10 

49 

1945 

113.0 

29.8 

-.26 

29.54 

26.50 

S-33 

2033 

122.2 

30.3 

-.31 

29.99 

26.60 

50 

2210 

132.0 

29.9 

-.37 

29.53 

26.40 

S-34 

2256 

141.8 

29.7 

-.39 

29.31 

26.50 

51 

090035 

151.8 

29.6 

-.31 

29.29 

26.00 

52 

0200 

162.1 

29.6 

-.28 

29.32 

25.75 

53 

0400 

177.1 

29.5 

-.10 

29.40 

23.40 

S-36 

0503 

190.1 

29.5 

0.00 

29.50 

20.50 

55 

0800 

205.3 

29.5 

+  .25 

29.75 

19.75 

S-37 

0938 

215.1 

29.8 

+  .36 

30.16 

19.25 

56 

1100 

223.6 

30.0 

+  .39 

30.39 

19.25 

57 

1300 

238.3 

29.8 

+  .34 

30.14 

18.50 

50 
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FIGURE      I 
THREE    AREAS    INDICATING    LOCATION    OF    CURRENT 
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FIGURE     2 
DEPTH    OF    ISOTHERMS    ACROSS    YUCATAN    CURRENT 
CRUISE     66-A-ll;   AUGUST    1966 
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FIGURE     4 
DEPTH     OF    ISOTHERMS     ACROSS     FLORIDA     CURRENT 
CRUISE    66-A-ll;     AUGUST     1966 
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FIGURE       5 
DEPTH     OF    22°     ISOTHERM    ACROSS    THE 
YUCATAN      CURRENT 
CRUISE    65-A-I6;  NOVEMBER   1965 
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FIGURE     7 
DEPTH    OF    22°C     ISOTHERM    ACROSS      FLORIDA      CURRENT 
CRUISE     65-A-I6;   NOVEMBER     1966 
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FIGURE      8 
DEPTH     OF    ISOTHERMS    ACROSS    YUCATAN    CURRENT 
CRUISE    66-A-3;    FEBRUARY  1966 
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CRUISE     66-A-3-,    FEBRUARY    1966 
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FIGURE       16 

CROSSING     C-l:     CORRECTED      SEA 
SURFACE      TEMPERATURE     vs    DISTANC! 
CRUISE       66-A-II;     AUGUST     1966 
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FIGURE     17 
CROSSING     A-2:     CORRECTED       SEA 

Unl"  Alt        i  C  i <  ■  r  w  Tv  ^  i  u  ii  ~       V  S     Li  I  i  i  A  in  L  C  ; 

CRUISE      65-A-I6:     NOVEMBER      1 935 


69 


CROSSING 

SURFACE 

CRUISE 


135  180 

NAUTICAL      MILES 


FIGURE       18 
B-2  ;    CORRECTED       SEA 
TEMPERATURE   vs    DISTANCE. 
A  -16  ;     NOVEMBER. 
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FIGURE       19 
CROSSING    C-2:       CORRECTED       SEA 
SURFACE    TEMPERATURE     vs    DISTANCE: 
CRUISE      65-A-I6-,      NOVEMBER    1365. 
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FIGURE      20 

CROSSING      A-3:  CORRECTED     SEA 
TEMPERATURE      vs     DISTANCE: 
CRUISE      6  5  -A-  3;      FEBRUARY 
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FIGURE     21 
CROSSING      3-3:    CORRECTED     SEA     SURFACE 
TEMPERATURE      vs      DISTANCE: 
CRUISE     66-A-3:        FEBRUARY      1966. 
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FIGURE     22 
CROSSING     C-3:        CORRECTED 
SURFACE       TEMPERATURE  vs  DISTANCE 
CRUISE     66-A-I6;     FEBRUARY      1966 
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FIGURE        23 
CROSSING       A-4:     CORRECTED     SEA 
TEMPERATURE     vs      DISTANCE: 
CRUISE      64-A-7;      MAY       1968. 
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FIGURE      24 
CROSSING     B-4-.   CORRECTED       SEA 
SURFACE     TEMPERATURE     vs    DiSTANC: 
CRUISE     64-A-7;        MAY       1 96  4 
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FIGURE      25 
CROSSING   C-4:  CORRECTED    SEA 
SURFACE     TEMPERATURE      vs 
DISTANCE  : 
CRUISE     64-A-7;     MAY     1964 
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FIGURE      26(A) 
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FIGURE     26(B) 
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FIGURE       26(C) 


FIGURE     2  6 

SCHEMATIC     THERMAL    STRUCTURE    ACROSS    A   CURRENT 

(A)  SHALLOW    MIXING -MO    RESULTANT     CHANGE. 

(B)  SAME    THERMAL    STRUCTURE      WITH    DEEPER   MIXING, 

(C)  RESULT      OF    DEEP     MIXING, 
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FIGURE     27 
INTERPRETATION     OF    GULF     LOOP     CURRENT:  WINTER     I9S6. 
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